Abstract. Cr 2 (MoO 4 ) 3 and N-doped Cr 2 (MoO 4 ) 3 are prepared by sol-gel and solid state methods, respectively. These molybdates are characterized by powder X-ray diffraction, scanning electron microscopy, energy dispersive spectroscopy, thermogravimetric analysis, FT-IR and UV-visible diffuse reflectance spectroscopy. The photodegradation of methylene blue solution was investigated in the presence of these oxides.
Introduction
Methylene blue (MB) is widely used in the textile industry as a dying agent. It is soluble in water, toxic and non-biodegradable. A large volume of colored organic dyes, including MB is released into aquatic habitats by textile industries causing severe environmental pollution. A number of physical and chemical methods such as adsorption, flocculation, reverse osmosis, precipitation, air stripping, and ultrafiltration have been developed for decolorization of polluted water. Nevertheless, these methods are expensive and transfer the pollutants into sludge that gives rise to new pollutants. Advanced oxidation processes (AOPs), a group of established treatment methods which rely on the generation of OH radicals for degradation of pollutants, are found to be effective both from the economic and energy points of view to address the decolorization of polluted water. Semiconductor mediated visible light driven photocatalysis, one of the AOP, is considered as one of the promising and green chemical process for wastewater management. Titanium dioxide, a wide bandgap material, has been extensively used as photocatalyst due to its remarkable properties such as chemical stability, cost, activity under a wide range of pH and efficiency [1, 2] . One of the main drawbacks of TiO 2 is its large bandgap which restricts its use in UV light only. Therefore, the focus has been shifted to visible light driven semiconducting materials for harvesting the solar energy for photocatalytic applications including the degradation of pollutants.
Binary and ternary transition metal oxides have been considered as potential photocatalysts for dye degradations [3] [4] [5] . The properties of these oxides can be tailored by substituting the anions and/or cations in their lattices [6, 7] . Molybdates and tungstates of composition A 2 M 3 O 12 (M = Mo, W) have been extensively investigated for their negative thermal expansion (NTE) phenomena. The structure of these materials consists of corner-sharing AO 6 octahedra and MO 4 tetrahedra. Several studies on the thermal expansion properties of tungstates and molybdates of A 2 M 3 O 12 family and their solid solutions have been reported [8] [9] [10] [11] [12] [13] . The A 3+ cation in A 2 M 3 O 12 can be occupied by a transition or rare earth cation indicating its compositional flexibility. Therefore, these materials are promising for tailoring of new materials with a controllable coefficient of thermal expansion [14, 15] .
Chromium molybdate (Cr 2 (MoO 4 ) 3 ) is one of the A 2 M 3 O 12 structure type molybdates, which exhibits interesting magnetic, electrical and catalytic properties. It is prepared by solid state synthesis, precipitation method or thermal decomposition of chromate and molybdate solutions [9, [16] [17] [18] . The method of preparation is found to influence its properties significantly. Although the magnetic and electric properties of Cr 2 (MoO 4 ) 3 have been extensively studied, the reports on its catalytic properties are limited [19] [20] [21] . The photocatalytic activity of Cr 2 (MoO 4 ) 3 to our knowledge is not reported. In this paper we report preparation, characterization and photocatalytic activity against MB degradation of Cr 2 (MoO 4 ) 3 and its N-doped analogue. O were first dissolved in double distilled water separately and labeled as "solution A" and "solution B", respectively. "Solutions A" was slowly added to "solution B". The chelating agent, citric acid, was added to this resultant solution. The molar ratio of citric acid to metal ions was 2:1. The pH of the ensuing metal citrate solution was attuned to 6-7 by adding dilute ammonia solution. The solution was then slowly evaporated on a hot plate till a viscous liquid was obtained. At this stage the gelating reagent, ethylene glycol, was added to the solution. The molar ratio of citric acid to ethylene glycol was 1.0:1.2. This mixture was heated at 373 K for 2-3 h under constant stirring. The temperature was increased to 433-453 K at the onset of solidification. The ensuing solid porous mass was crushed in an agate mortar using spectral grade acetone. The resultant black powder was heated in a muffle furnace at 773 K for 2 h. The obtained powder was brown in color and designated as CMO.
Experimental

Preparation of
Preparation of N-doped Cr 2 (MoO 4 ) 3
The N-doped CMO (Cr 2 (MoO 4-x N y ) 3 ) was obtained by heating a mixture of CMO and urea at 673 K for 2 h in a muffle furnace. The weight ratio of CMO to urea was 1:2. The resultant powder was washed several times with deionized water to remove excess unreacted urea and byproducts. The N-doped CMO was found to be blackish brown in color and designated as CMON.
Characterization
The powder X-ray diffractograms were recorded on Rigaku miniflex 600 powder X-ray diffractometer at room temperature in the 2 θ range 10-80° for phase confirmation using Cu K α radiation of wavelength 1.5406 Å. The step size and scan step time were 0.02 0 and 0.15 s, respectively. Thermogravimetric analysis (TGA) was performed using a Shimadzu differential thermal analyzer (DTG-60H) with a heating rate of 15 K/min. The SEM-EDS images were recorded on the HITACHI SU-1500 variable pressure scanning electron microscope (VP-SEM). Infrared spectra were recorded in the form of KBr pellets in the wave number range 1000-400 cm -1 using JASCO IR-5300 spectrometer. JASCO V-650 UVvis spectrophotometer was used for UV-vis diffuse reflectance spectra (DRS) measurements in the range of 200-900 nm. BaSO 4 was used as the reflectance standard.
Photocatalytic Activity Measurement
Photoactivity of these samples was studied by photodegradation of methylene blue (MB) under visible light irradiation employing a 300 W lamp (380 < λ < < 840 nm) in HEBER visible annular type photoreactor. In a typical process, the catalyst (50 mg) was added to 50 ml of MB aqueous solution (10 mg/l), in cylindricalshaped glass reactor at room temperature in air. The suspension was stirred in the dark for 60 min to establish adsorption-desorption equilibrium. At regular time intervals of 30 min, about 3-5 ml of the solution was collected and centrifuged to remove the catalyst particles and analyzed by JASCO V650 UV-vis spectrophotometer at λ max (664 nm). The degraded amount of MB is reported
where C is the concentration of MB at each irradiated time and C 0 is the concentration of MB at equilibrium.
Determination of Methylene Blue Concentration
The concentration of MB in aqueous solutions was determined by measuring absorbance at its λ max (664 nm) using the calibration curve. 
Results and Discussion
Powder XRD
The room temperature powder XRD patterns of CMO and CMON are recorded for phase conformation (Fig. 2) . The powder patterns of CMO are consistent with reported data [JCPDF-20-0310] and free from impurities. The powder pattern of CMON is similar to that of CMO.
Nevertheless, when plotted in an expanded scale, the diffraction peaks show a systematic shift towards lower 2θ value indicating a change in unit cell parameters and the substitution of nitrogen into the CMO lattice (Fig. 3) Table 2 . The crystallite size of all powders was calculated from the line width of the intense diffraction line (103) using the Scherer's formula [22] :
where t is the thickness in angstrom (Å) and corresponds to the crystallite diameter assuming a spherical shape; λ is the wave length of the X-ray used; θ is the Bragg angle and β is the full width at half maximum measured in radians of intense line in the powder XRD pattern.
The crystallite sizes of the CMO and CMON were found to be 47 and 44 nm, respectively. 
Thermogravimetric Analysis
Thermogravimetric (TG) profile of CMON is shown in Fig. 4 . This profile is characterized by two significant weight change regions. In the temperature region of 303-673 K the observed weight loss for CMON is 0.32 %. This weight loss may be attributed to adsorbed and lattice water as they were extracted from water. In the 673-1073 K region CMON sample registered a weight gain of 0.11 %. It is well known that N-doped oxides gain weight on heating to above 673 K due to the release of gaseous nitrogen and becomes pure oxides [7] . Based on the TG profiles, the molecular formula of CMON can be written as Cr 2 (MoO 4-x N y ) 3 0.01H 2 O (wt % of N is 0.11).
SEM-EDS
The morphology of the CMO and CMON was studied by scanning electron microscope (SEM) (Fig. 5) . The SEM image of both CMO and CMON show spherical shaped irregular size micro crystallites with considerable agglomeration. An estimation of nitrogen content in CMON was also obtained from EDS measurements (Fig. 5c) . From the EDS data, the nitrogen content (wt %) for CMON was found to be 0.15. This result is comparable with the nitrogen weight percent obtained from TGA results.
FT-IR Spectra
The IR spectra of CMO and CMON are shown in Fig. 6 . These spectra are comparable with reported IR data of Cr 2 (MoO 4 ) 3 [23] ) leading to a decrease in the force constant. Lower force constant results in a lower stretching or bending vibrational frequency. The observed shift in the band positions is in accordance with this argument [24] . 
UV-visible Diffuse Reflectance Spectra Analysis
The light absorption properties of the CMO and CMON are investigated. Fig. 7 shows the diffused reflectance spectra (DRS) of these materials in the range of 200-900 nm. The spectra were characterized by peaks belonging to Cr The value of C was found from the following equation [26] The absorption band edge of the samples was obtained by extrapolating the horizontal and sharply rising part of the curves onto the wavelength axis. The edge of each absorption band was shifted towards longer wavelength side for CMON indicating the change in the band structure due to substitution of nitrogen into CMO. The red shift of CMON compared to CMO is further endorsed by a change in the color of the samples. The bandgap energy of semiconducting oxides can be obtained from the Kubelka-Munk plot of ( Khν) 1/2 vs. h ν .
Extrapolation of the linear part of the plot to (Khν) 1/2 = 0 (i.e. to the X-axis) provides an estimation of the bandgap energy. Fig. 7 (inset) shows the Kubelka-Munk (KM) plot for both CMO and CMON samples and the estimated bandgap for these samples are found to be 2.08 and 1.89 eV, respectively. Thus, the introduction of nitrogen into the CMO lattice reduces the bandgap energy considerably as seen from the red shifts of the absorption band edge. It can be ascribed to the widening of the valence band, resulting from the hybridization of N 2p and O 2p [7] .
Photodegradation of Methylene Blue
The photocatalytic activity of CMO and CMON is evaluated by degradation of MB under the visible light irradiation. The degradation of both the samples was monitored by measuring the optical density (at 664 nm). Initially, the dark reaction was carried out for 60 min to attain the adsorption-desorption equilibrium in dye-catalyst suspension. Both CMO and CMON samples have adsorbed about 10-16 % of MB in the dark reaction. Under the light irradiation, it is seen that the degradation of MB increased with an increase in the irradiation time (Fig. 8) . Fig. 8 (inset) shows the UV-visible spectra of MB at different time intervals of irradiation. The absorption spectrum of MB is characterized by a medium band at ~300 nm and a strong band at ~675 nm with a shoulder at ~600 nm. The band at ~300 nm is attributed to the aromatic ring, whereas the overlapping bands at ~ 600 and ~ 675 are assigned to conjugated π-system [29] . The decrease in absorbance of MB with increasing irradiation time indicates that both the materials in the present study have exhibited photoactivity against MB degradation under visible light irradiation. The range of MB degradation after 180 min of irradiation seen for the CMO and CMON is 37 and 47 %, respectively. Photocatalytic processes are based on electron hole pairs generated by means of photo excitation. The photoinduced electron and hole could migrate to the surface to react with the adsorbed reactants in the desired process, or undergo undesired recombination. Therefore, the generation and separation of photoinduced electron hole pairs are the key factors in a photocatalytic reaction. The possible photocatalytic degradation mechanism of MB under visible light irradiation is as follows:
Ø In the presence of light, electrons are excited from the valence band to the conduction band of the catalyst (CMO/CMON), leaving a hole in the valence band. 
The photocatalytic activity of a material depends on several factors such as surface structure, degree of crystallinity, surface area, structure of material, adsorption ability of the pollutant, and bandgap energy of the material. The physical processes, including light absorption, transport of charge carriers and recombination rate of photogenerated electron-hole pairs influence photocatalytic efficiency of a photocatalyst. The bandgap energy of photocatalyst plays a key role in these processes. In the present study, the improved photoactivity for N-doped oxide may be attributed to (a) decrease in the band gap energy of CMON resulting in an increase in the number of absorbed photons and (b) defects created in the lattice due to the incorporation of nitrogen leading to a reduction in the electron-hole recombination rate.
Kinetic study to predict the rate constant for the reaction
The kinetics of MB degradation in the presence of both the catalysts was also studied. The degradation reaction of MB with CMO and CMON shows pseudo first order kinetics (Langmuir-Hinshelwood model) [30] . The results were nearly consistent with linear equation Fig. 9 represents a linear correlation, suggesting that the degradation reaction is of the first order. The correlation coefficient R can be calculated using the following equation: and Student's statistics is used in the calculation of confidence intervals Δk. The kinetic parameter k and square of correlation coefficients for both photocatalysts are given in Table 3 . 
Conclusions
Nitrogen doped Cr 2 (MoO 4 ) 3 is prepared by a facile solid state reaction method using urea as a source of nitrogen. Powder XRD patterns confirm its phase formation. CMON is crystallized in orthorhombic lattice. Based on the TGA and EDS profiles, the nitrogen content in CMON was found to be in the range of 0.11-0.15 wt %. The incorporation of nitrogen into CMO lattice is confirmed from (i) shift in the d lines of powder patterns; (ii) the presence of N peak in its EDS profile; (iii) change in the color of the samples; and (iv) shift in the absorption edge in UV-visible DRS profiles. The bandgap energy of N doped CMO is reduced by about 0.2 eV. The nitrogen doped CMO has shown higher photoactivity against the methylene blue degradation under visible light irradiation. The MB degradation in the presence of CMO and CMON follows pseudo first order kinetics.
